Abstract Extracellular nucleotides acting via P2 receptors play important roles in cardiovascular physiology/pathophysiology. Pyrimidine nucleotides activate four G protein-coupled P2Y receptors (P2YRs): P2Y 2 and P2Y 4 (UTP-activated), P2Y 6 , and P2Y 14 . Previously, we showed that uridine 5′-triphosphate (UTP) activating P2Y 2 R reduced infarct size and improved mouse heart function after myocardial infarct (MI). Here, we examined the cardioprotective role of P2Y 2 R in vitro and in vivo following MI using uridine-5′-tetraphosphate δ-phenyl ester tetrasodium salt (MRS2768), a selective and more stable P2Y 2 R agonist. Cultured rat cardiomyocytes pretreated with MRS2768 displayed protection from hypoxia [as revealed by lactate dehydrogenase (LDH) release and propidium iodide (PI) binding], which was reduced by P2Y 2 R antagonist, AR-C118925 (5-((5-(2,8-dimethyl-5H-dibenzo [a,d][7]annulen-5-yl)-2-oxo-4-thioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-N-(1H-tetrazol-5-yl)furan-2-carboxamide). In vivo, echocardiography and infarct size staining of triphenyltetrazolium chloride (TTC) in 3 groups of mice 24 h post-MI: sham, MI, and MI+MRS2768 indicated protection. Fractional shortening (FS) was higher in MRS2768-treated mice than in MI alone (40.0±3.1 % vs. 33.4±2.7 %, p < 0.001). Troponin T and tumor necrosis factor-α (TNF-α) measurements demonstrated that MRS2768 pretreatment reduced myocardial damage (p<0.05) and c-Jun phosphorylation increased. Thus, P2Y 2 R activation protects cardiomyocytes from hypoxia in vitro and reduces post-ischemic myocardial damage in vivo.
Introduction
Ischemic heart disease and consequent heart failure remain the leading cause of morbidity and mortality worldwide [1] . Considerable effort has been devoted to improving functional recovery and reducing the extent of infarction after ischemic episodes. A powerful tool of protection against myocardial infarction (MI) is ischemic preconditioning (PC). PC refers to the ability of short periods of ischemia to make the myocardium more resistant to a subsequent prolonged ischemic insult [2] . This PC effect can be mimicked by several pharmacological agents, including adenosine, a purine metabolite [3, 4] . In our previous study, we have shown that uridine 5′-triphosphate (UTP) provides cardioprotection, in vivo and in vitro, against ischemia via activation of P2Y 2 receptors [5, 6] .
P2 receptors are expressed on the surface of almost all cells. The physiological effects of the purinergic signaling system are dependent on the release of extracellular nucleotides, their degradation by ectonucleotidases, the type of P2 receptors expressed on the cells, their desensitization rates, and their second messengers [7] . Although nucleotides (such as ATP and UTP) are mainly intracellular, they can be released into the extracellular fluids by various mechanisms. One possible mechanism is cell damage: both necrotic and apoptotic cells release ATP and other nucleotides that thus constitute "danger signals" [8, 9] . Once in the extracellular fluid, nucleotides can activate two families of receptors: metabotropic P2Y receptors (P2YRs) that are coupled to G proteins and fast P2X ion channels. The P2X receptors are more structurally restrictive than P2YRs in agonist selectivity. P2X receptors respond principally to ATP as the active ligand, while the P2YRs are activated by a group of five or more naturally occurring nucleotides, including ATP, UTP, ADP, UDP, and UDPglucose. The P2YR family is composed of eight members encoded by distinct genes [10] . The signal-transduction pathway used by the subset of P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 Rs involves G-protein activation that stimulates phospholipase C, inositol trisphosphate formation, and Ca 2+ release [11] . These P2YRs are expressed in a variety of tissues and can be differentiated pharmacologically on the basis of their selectivity for adenine (ATP, ADP) and uracil (UTP, UDP) nucleotides [12] .
Evidence is accumulating to suggest an important role for the purinergic system in cardiovascular regulation [7, [13] [14] [15] [16] [17] [18] . It stimulates vasoconstriction and vasodilatation [13] , the growth of vascular smooth muscle cells and endothelial cells [16] , angiogenesis, vascular remodeling [15] and platelet aggregation, and it regulates coagulation [18] , inflammation [17] and several aspects of cardiac function [14] . The purine-and pyrimidine-sensitive P2YRs belong to the large group of G protein-coupled receptors (GPCRs) that are the target of approximately one third of the pharmaceutical drugs used in the clinic today. It is therefore not unexpected that the P2YRs could be useful targets for drug development [19] .
In our previous work using P2Y 2 receptor-knockout mice, this receptor was found to mediate the anti-ischemic cardioprotection induced by UTP [5, 6] . In the absence of the P2Y 2 receptor, the protective effect of UTP was abolished. Uridine-5′-tetraphosphate δ-phenyl ester (MRS2768) is a selective and moderately potent P2Y 2 receptor agonist with enhanced stability against the action of ectonucleotidases [20] . In the present work, we provide evidence that the P2Y 2 receptor agonist MRS2768 has cardioprotective effects both in vitro and in vivo.
Materials and methods
Cell culture Sprague Dawley rat hearts (2-3 days old) were removed under sterile conditions and washed three times in phosphate-buffered saline (PBS) to remove excess blood cells. The hearts were minced and then gently agitated in RDB, a solution of proteolytic enzymes [Life Science Research Inst., Nes Ziona, Israel], prepared from a fig tree extract [21] . The RDB was diluted 1:100 in Ca 2+ and Mg
2+
-free PBS at 25°C for a few cycles of 10 min each, as previously described [22] .
Hypoxic conditions Cultured cardiomyocytes (5-7 days old) were washed twice from the medium with glucose-free PBS containing 5 mmol/l HEPES at pH 7.4 before exposing the cardiomyocytes to the hypoxic conditions at 37°C. The hypoxic conditions lasted for 120 min in a hypoxic incubator in which the atmosphere was replaced by the inert gas argon (100 %) in glucose-free media [5] . The hypoxic damage was characterized at the end of the hypoxic period through biochemical and morphological evaluations.
Release of lactate dehydrogenase (LDH) LDH activity in the medium was determined as previously described [23] . Briefly, 25 μl of supernatant was transferred into a 96-well plate, and the LDH activity was determined with an LDH-L kit (Sigma, St. Louis, MO). The product of the enzyme was measured spectrometrically at 30°C at a wavelength of 340 nm. The results were expressed relative to the control untreated cardiomyocytes, which was set at 100 %.
Propidium iodide (PI)
The assay is based on binding of PI (5 μmol/l) to nuclei of cells whose plasma membranes have become permeable because of hypoxic damage. The assay was performed as previously described [5] . For measurement of the amount of total cells (damaged and undamaged), the cells were treated with 300 μmol/l digitonin. After 1 h, the cells were washed and stained again with PI to evaluate the total number of affected cells. Evaluation of PI was done using a SpectraFluorPlus plate reader (TECAN, Männedorf, Switzerland) at excitation and emission wavelengths of 540 and 630 nm, respectively. Animals and experimental protocol Male wild-type mice (C57BL) were purchased from Harlan (Jerusalem, Israel). All experiments were carried out in accordance with the guidelines of the Animal Care and Use Committee of Tel Aviv University, with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. Three experimental groups were used: by LAD ligation as we have previously described [24] . Mice in the sham group were operated without LAD ligation. The mice were ventilated until spontaneous breathing commenced. Assessment of infarct size At 24 h of coronary ligation, the mice were sacrificed, and their hearts were removed. Midventricular heart sections 0.8 mm thick were placed in a 1 % solution of 2,3,5-triphenyl tetrazolium chloride (TTC) in phosphate buffer for 30 min at 37°C. TTC stained the viable tissue red, while the necrotic tissue remained uncolored. Sections were fixed overnight in 4 % formaldehyde for enhancement of contrast between stained and unstained tissue. The sections were then placed between two cover slips and digitally photographed using a Coolpix 5000 camera (Nikon Instruments Europe B.V., Amsterdam, The Netherlands), with a resolution of 1,400×960 pixels and quantified by IMAGE J 5.1 software (NIH, Bethesda, MD, USA). The area of irreversible injury (TTC-negative) is presented as a percentage of the entire area of the section [26] .
Two-dimensional guided M-mode echocardiography
Biochemical and biochemical analysis Levels of Troponin T were determined in the serum using Cardiac T 2017423 kit (Roche, Indianapolis, IN, USA). Levels of LDH were determined in the serum using commercial Olympus OSR6126 (Center Valley, PA, USA). MRS2768 was synthesized as discribed [20] and dissolved in PBS.
Müll-er, Bonn, Germany, was dissolved in DMSO.
Histopathology Hearts were removed and fixed in 4 % formalin, then embedded in paraffin. Transverse sections were stained with hematoxylin and eosin (H&E; Pioneer Research, Colchester, UK) to assess leukocyte infiltration. In addition, to assess leukocyte infiltration immunohistochemistry staining using rat anti-mouse neutrophil antibody MCA771GA
(1:3,000, AbD Serotec, Kidlington, UK) was performed. Secondary antibodies for neutrophil staining consisted of biotinylated donkey anti-rat (1:500) followed by incubation with peroxidase-conjugated streptavidin (1:1000) and development with 3,3′-diaminobenzidine substrate (reagents from Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Histological analysis was performed on hearts from 5 mice (10 fields each) using ImagePro PLUS software (Media Cybernetics, Bethesda, MD, USA).
Western blotting Heart tissue samples (20 mg) were homogenized in lysis buffer and quantified for protein levels using a commercial assay (Bio-Rad, Haifa, Israel). Proteins (60-μg/sample) were separated using sodium dodecyl sulfate (SDS) polyacrylamide gel (10 %) under denaturing conditions and electrotransferred onto nitrocellulose (Bio-Rad) for 1 h at 100 V. Membranes were blocked with 5 % nonfat milk in Trisbuffered saline with 0.1 % Tween 20 (TBST) for 1 h at room temperature. Primary antibodies were used at a 1:1,000 concentration in TBST with 5 % nonfat milk overnight at 4°C. Mouse monoclonal antibodies directed against the dually phosphorylated c-Jun NH2-terminal kinase. The p-c-Jun antibody was obtained from Santa Cruz Biotechnology (sc-822). Rabbit anti-IκB (the inhibitory protein of NF-κB) and actin (used as loading control) polyclonal antibody were purchased from Santa-Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). IRDye 800 secondary antibodies were added at a concentration of 1:15,000 for 1 h at room temperature, and detection was carried out with LI-COR Odyssey imaging system (both from LI-COR, Lincoln, NE). Quantification of signals was carried out with the Odyssey program.
Statistical analysis Results were expressed as mean±standard error (SE). Values during the stabilization period were defined as 100 %. A statistical difference between the groups was assessed by analysis of variance (ANOVA) with repeated measurements. If differences were observed, values were compared using Student's t test. p<0.05 was considered significant.
Results

Cardiomyocyte culture study
Protective effect of MRS2768 on cardiomyocytes subjected to hypoxia To investigate the role of MRS2768 in attenuation of myocyte injury during prolonged hypoxia of 120 min, cultured cardiomyocytes were incubated with two different concentrations of MRS2768 (10 μM, 50 μM) for 1 h prior to hypoxia. To evaluate cell damage, LDH levels in the medium were measured immediately after hypoxia. The results presented in Fig. 1a and treatment with 50 μM MRS2768 in hypoxia gave 8.9±1.7 % death, i.e. similar to the result with untreated control cells (Fig. 1b, p<0 .0001).
To investigate whether MRS2768 exerts its protection via activating P2Y 2 R, a selective antagonist AR-C118925 was applied to the cardiac cells 2 h before the hypoxia. The same cells also received MRS2768 1 h before the hypoxia. It was found that the antagonist at 10 μM reduced the protection induced by MRS2768, as revealed by LDH release [from 21.5±0.6 % in hypoxia, to 7.3±1.4 % in hypoxia+agonist (*p<0.001), and to 15.3±0.5 in hypoxia+agonist+antagonist # p<0.01 vs. hypoxia+MRS2768], indicating that MRS2768 exerted its protection via P2Y 2 R (Fig. 2) .
In vivo study
Assessment of LV function post-MI using echocardiography There were no significant differences between groups in the echocardiographic measurements of cardiac structure or function at baseline. Induction of MI resulted in a more pronounced increase of left ventricular systolic diameter compared with the MRS2768-pretreated mice (p < 0.05, Fig. 3a, b) . The infarcted mice also demonstrated a significantly reduced FS (33.4±2.7 %) compared to MRS2768-treated mice (40.0±3.13 %), or sham mice (51.8±1.7 %, Fig. 3c, p<0.001) . Representative M mode pictures of the echo measurements are presented in Fig. 3e . Ischemic damage was measured using several markers as follows.
Biochemical marker of ischemic damage Troponin T: The level of Troponin T, a specific marker denoting damage in the heart muscle, was significantly elevated in mice post-MI (13.4±1.4 ng/ml) compared with the sham group. MRS2768 pretreatment significantly lowered Troponin T levels in the serum (10.6±0.8 ng/ml, p<0.05, Fig. 4a ). Irreversible ischemic damage measured by TTC To investigate the effect of MRS2768 on infarct size following LAD ligation, the mice received the agonist 30 min before MI. Infarct size was analyzed 24 h later. It was found that the damage was significantly smaller in mice pretreated with MRS2768 compare to the untreated mice, subjected to MI (25.6±4.5 % vs. 39.2±6.3 %, p<0.001, Fig. 4b ).
Circulating levels of tumor necrosis factor-α (TNF-α) TNF-α levels in the serum 24 h post-MI were greatly elevated in MI mice compared with the sham group (63.8±14.9 vs. 8.9±3.1 pg/ml, p<0.05). Mice pretreated with MRS2768 had significantly lower levels of TNF-α (23.0±3.1 pg/ml, p<0.05, Fig. 4c ).
Acute inflammatory cells infiltrated the myocardium
Twenty-four hours after ischemia the infarcted myocardium lost its regular structure, and there was a significant infiltration of inflammatory cells. To determine the extent of immune cell infiltration into the heart, the tissues were excised 24 h post-MI and evaluated by H&E histological staining (Fig. 5) . To assess leukocyte infiltration, immunohistochemical staining using an antineutrophil antibody was performed. It was found that in the sham group neutrophils did not infiltrate the hearts. At 24 h post-MI, neutrophils were observed in infarcted tissues. A significant reduction (p <0.05) of neutrophil infiltration was obtained in MI+MRS2768 vs MI-treated hearts (Fig. 6) .
Phospho-c-Jun protein and IκB expression To study the signal transduction pathway following MRS2768 treatment, phospho-c-Jun protein expression was determined via western blotting. Low levels of p-c-Jun expression were observed in the hearts of sham group. A significant elevation in the before MI vs. MI mice, p<0.03 (Fig. 7a, c) . The activation of IκB in the ischemic cardiac tissue was similar in MI and MRS2768-treated groups (Fig. 7b) . 
Discussion
We have previously shown that UTP can protect the heart from ischemic damage, both in vivo and in vitro, via activation of P2Y 2 receptors [5, 6, 27] . In the present study, we extend this observation and show that MRS2768, a moderately potent P2Y 2 receptor agonist, has a protective effect on cardiomyocytes from ischemic damage in vivo and in vitro. This agonist was shown to be P2Y 2 receptor-selective at 10 μM (one of the concentrations that was cardioprotective), but the selectivity at higher concentrations has not been characterized. It was significantly more stable than UTP in the presence of mammalian cell membranes and in simulated gastric fluid [28] . MRS2768 was shown to fully activate the human P2Y 2 receptor expressed in astrocytoma cells (EC 50 = 1.89 μM), without effect at human P2Y 4 or P2Y 6 receptors at 10 μM [20] . Thus, this agonist is selective, but not highly potent. The greater stability of this agonist is because the terminal δ-phosphate is blocked as a phosphoester, so it is not subject to cleavage by ectonucleoside triphosphate diphosphohydrolase-1 (ENTPDase1)/CD39 [20] .
Prior treatment with MRS2768 reduced the ischemic damage to cardiomyocytes. The protection in cardiomyocytes with MRS2768 (50 μM) was inhibited by coadministration of the P2Y 2 R antagonist AR-C118925 [29] . Thus, activation of P2Y 2 receptors appears to be involved in the in vitro protection by MRS2768 in newborn cardiomyocytes, as indicated by significantly reduced LDH release and cell death caused by hypoxia. Fig. 6 Histological study of hearts 24 h post-MI using neutrophil marker: Immunostaining showed the infiltration of neutrophils to the infarcted area 24 h post-MI. There was a significant infiltration of neutrophils to the heart tissue compared to sham control (a) in both MI (b) and MI pretreated with MRS2768 (c) mice (n=4/ group). Quantification of immunostaining for neutrophils was done by counting 10 fields per slide. Data are means±SE, n=4/group. A significant difference was observed between MI and MI+MRS2768 in neutrophil infiltration (d), p<0.05 In vivo myocardial functions, as well as biochemical parameters of damage, were improved by prior administration of MRS2768. Mice pretreated with MRS2768 before MI had a smaller infarct size together with improved cardiac function compared to the MI operated animals. Troponin T, a biochemical marker of myocardial damage, demonstrated the same protective effect. Moreover, TNF-α in the serum was significantly reduced in mice treated with MRS2768 before MI. A significant elevation in the expression of cardiac p-c-Jun as a result of MI and MRS2768 was noted. Collectively, MRS2768 has a potent protective effect on the heart against ischemic injury.
In response to a wide variety of infectious or inflammatory stimuli, transcription and translation of TNF-α precursor is increased, and large amounts of mature protein are rapidly released into the circulation. The increase in circulating TNF-α in patients with congestive heart failure was associated with a substantial decrease in myocardial TNF-α receptors and an increase in soluble TNF-α receptors. Perhaps of greatest importance was the demonstration by Mann and colleagues [30] , that the nonfailing human heart does not express TNF-α, while at the end stage failing human hearts express robust amounts of the protein. Furthermore, there is a direct relationship between the level of TNF-α expression and the severity of the disease. In addition, both in vivo and in vitro studies demonstrate that TNF-α affects cellular and biochemical changes that mirror those seen in patients with congestive heart failure [31] . Furthermore, in animal models, the development of the heart failure phenotype can be abrogated at least in part by anticytokine therapy [31] . Indeed, TNF-α was significantly reduced in mice pretreated with MRS2768 compared with MI mice (Fig. 6) .
Neutrophil infiltration to the heart tissue was considered. Surprisingly, activation of P2Y 2 receptors with MRS2768 did not reduce the activation of c-Jun, but lowered the neutrophil infiltration into the heart tissue. Neutrophils are recruited very early following cardiac injury. A critical step in neutrophil recruitment to sites of infection and/or inflammation is transendothelial migration (TEM). TEM is a step-wise process that involves complex neutrophil-endothelium interactions leading to neutrophil rolling, firm adhesion, and ultimately exit from blood vessels [32, 33] . These steps are regulated by many factors including inducible adhesion molecules and chemokines produced by these cell types [33, 34] . Previous studies showed that P2Y 2 receptors are involved in neutrophil migration: The work of Kukulski et al. [35] demonstrates that an endothelial P2Y 2 receptor regulates LPS-induced neutrophil TEM in vitro. Chen et al. [36] found that disruption of this purinergic signaling system by inhibiting or silencing P2Y 2 receptors blocked neutrophil activation and impaired innate host responses to bacterial infection [36] . Furthermore, P2Y 2 receptors expressed in neutrophils are also important for neutrophil migration in vitro [37, 38] . Interestingly, P2Y 2 receptorknockout mice showed reduced neutrophil migration that has been speculated to be due to a P2Y 2 deficiency in neutrophils [39] . In the light of the data presented here, we propose that the activation of P2Y 2 receptors on neutrophils in MI mice by the addition of MRS2768 reduced the neutrophil infiltration into the infarcted area in the heart. In vitro experiments suggested that the mechanism of neutrophil-cardiomyocyte adhesion is dependent on CD18 integrin activation on neutrophils and on expression of ICAM-1, one of the primary ligands for the CD18 integrins [40] , by injured cardiomyocytes. Integrin-related strategies have been utilized to mitigate post-reperfusion inflammation in various experimental models. Inhibition of CD11/CD18 integrin resulted in a significant reduction of infarct size in animal models of experimental myocardial infarction [41] [42] [43] [44] . However, despite the promising results of the experimental studies, inhibition of leukocyte integrin in clinical studies has led to disappointment [45] . It has been suggested that, in addition to clearing the wound from dead cells and debris, the neutrophils may play a direct role in wound healing by secreting cytokines and growth factors [46] . Attempts to mitigate inflammatory injury in clinical practice in general have been unsuccessful. The catastrophic experience of the methylprednisolone trial [47] emphasized the need for a better understanding of the cellular and molecular events associated with the inflammatory response in order to achieve effective suppression of injurious processes without interfering with healing and cardiac repair [48] . The present results support the hypothesis that inflammatory cell recruitment after MI is modified in mice pretreated with MRS2768, a P2Y 2 receptor agonist.
Since no differences in IκB levels were observed between the ischemic groups, we can assume that NFκB degradation is not part of the cardioprotective mechanism achieved by MRS2768. With respect to activation of c-Jun N-terminal kinases (JNKs), there are conflicting results. Several studies suggested that activation of JNK occurs specifically on reperfusion [49] . We and others found that ischemia alone can activate this pathway [6, 50] . Moreover, the role of JNK in myocardial ischemia/reperfusion (I/R) remains controversial, since equally robust studies have reported dichotomous results suggesting both cardioprotective [51] [52] [53] and detrimental effects [6, 49, 54] . In contrast to our previous report, we have found a significant reduction in the expression of phospho-cJun in wild type (WT) mice pretreated with UTP compared to MI alone (p<0.05). This difference might be the result of a difference in in vivo half-life, i.e., the rapidly degraded UTP compared to MRS2768. However, the in vivo pharmacokinetics and pharmacodynamics of MRS2768 remain to be determined. It seems that cardioprotective effects of MRS2768 are related in part to the phosphorylation of c-Jun.
In conclusion, we have demonstrated that activation of the P2Y 2 receptor with MRS2768 protects the heart from ischemia, minimizes infarct size and improves cardiac function post-MI. Although the precise mechanism for the inhibition of myocardial ischemic injury remains unclear, therapeutic targeting of P2YRs for protection against ischemic myocardial damage is very promising and justifies further exploration.
